Agarose hydrogels containing aminopropyl triethoxy silane ͑APTS͒ have been prepared and evaluated as scaffolds for adhesion and proliferation of human mesenchymal stem cells ͑hMSCs͒. The preparation of the hydrogels involved the conventional melting of agarose in water followed by addition of APTS as functional group carrier. The resulting hydrogel supports have been studied by Fourier transformed infrared spectroscopy in order to get an insight into the hybrid molecular structure. X-ray photoelectron spectroscopy has been used for the analysis of the surface chemical composition of the hydrogels. It is deduced from these data that the resulting hybrid structure presents two phases with a clear tendency toward APTS surface segregation. Moreover, the observation of the desiccated hydrogel surfaces by atomic force microscopy shows that the films acquire a filament-mesh structure for increasing APTS content, while the pure agarose supports exhibit a granular structure. As a result of such a structure, the hydrogel surfaces show a hydrophobic behavior, as determined by water contact angle measurements. The biocompatibility of such platforms is supported by adhesion-proliferation assays performed with hMSCs. It is concluded that although adhesion is lower on APTS rich scaffolds, the proliferation rate on these surfaces is higher so that total number of proliferating cells does not significantly depend on APTS content in the hydrogels.
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I. INTRODUCTION
Traditional hydrogels are currently a continuous resource for the production of combinatorial biomaterials with adapted response to different cellular or tissue environments. In particular, hybrid hydrogels can be designed to resemble extracellular matrix ͑ECM͒, which includes all secreted molecules that are immobilized outside the cells. First advances in hydrogel-based hybrid biomaterials were related to the development of in vitro autologous cell implants. 1 Since then, hydrogels have contributed to composite materials with their intrinsic hydrophilic properties and reputed biocompatibility. With these ingredients, hybrid hydrogels of different origins have been designed to promote cell proliferation in three-dimensional porous scaffolds, 2, 3 to form stamps for the transfer of cells onto surfaces, 4 to encapsulate cells in hydrated environments, 5, 6 and to deliver transforming growth or differentiation factors. 7, 8 Paradox examples exist in which the hydrogel structures are used to control the surface tension of the combined material with a superhydrophobic behavior. 9 In particular, the functionality of loaded factors and other biomolecules can be controlled in the structure by tuning ambient charge conditions. 2 Natural hybrid hydrogels in ECM include collagens and noncollagenous glycoproteins ͓proteins that are posttranslationally modified with glycosaminoglycan ͑GAG͒ polysaccharides͔. There are many proteins that bind GAG such as laminin, 10 which plays a fundamental role in tissue repair at the neuromuscular junctions. Moreover, plants and algae produce relevant hydrogels as alginate, 1,5 agarose, 2 and methylcellulose, 9, 11, 12 which emerge as preferred nonamine polysaccharides for hybrid biomaterial design. Hydrogel hybrids with bioinorganic materials, such as composites with silanes, 13 hydroxyapatite, [14] [15] [16] and other calcium phosphates 17, 18 have been already described. In several cases, the formation of the hybrids includes ternary combinations of the above cited structures. 19 The intimate contact between the different integrants of the hybrid varies in a wide spectrum of possibilities. While certain polysaccharides form hybrid hydrogels by spontaneous ramification, 20 the formation of complex structures often requires photoinduced, 21 chemical, 2, 9 or biochemical enzymatic cross-linking 22 routes to form the designed conjugates. It is of note that hybrid hydrogel materials have found applications in mimicking a wide spectrum of tissues. For a͒ Author to whom correspondence should be addressed; electronic mail: miguel.manso@uam.es instance, they have been mainly designed for the regeneration of different lineages of mesenchymal tissues by optimizing with hybrid hydrogels the growth, proliferation, and differentiation of mesenchymal stem cells ͑MSCs͒. Studies have been performed in bone 8, 14, 18, 19, 23 cartilage 1 and ligament. 24 The possibility to comply simultaneously with the requirements of two osteochondral tissues has been outlined by forming layered 25 and graded 17 hybrid structures that fulfill a bone-inducing structure on one side and a cartilage-inducing structure on the other.
The present work aims at the formation and characterization of hybrids based on agarose and the organometallic 3-aminopropyl-triethoxysilane ͑APTS͒, a common biofunctionalizing molecule already transferred to silicon substrates from such hybrid hydrogels. 26 It has been shown previously that APTS can induce surface modifications, which influence through engineered 27, 28 or spontaneous 29 protein adsorption the behavior of cultured MSCs. The effects of APTS modification in the properties of agarose scaffolds for MSCs are the focus of this study.
II. EXPERIMENT

A. Hybrid hydrogel preparation
Agarose hydrogels ͑ultrapure electrophoresis grade, Gibco BRL͒ were prepared by melting in milli-Q water ͑18 k⍀ cm͒ at 90°C and concentrations of 5 wt %. APTS ͑Purum 96%, Fluka͒ was added in aliquots so as to maintain a proportional weight ratio with respect to agarose ͑i.e., APTS wt % / agarose wt % = 1, 2, and 4͒. Flat homogeneous agarose/APTS hydrogels were prepared onto the ͑100͒ silicon ͑1 ϫ 1 cm 2 ͒ by cooling down from 90°until jellification in room conditions. Control surfaces with a self-assembled APTS film were prepared for surface analysis ͓x-ray photoelectron spectroscopy ͑XPS͒, water contact angle ͑wCA͒ measurements͔ as previously detailed. 26 Briefly, Si ͑100͒ substrates were immersed in a piranha solution ͑4:1, H 2 SO 4 :H 2 O 2 ͒, rinsed in de-ionized water and toluene, immersed in a 0.2% solution of APTS in dry toluene, and doubly rinsed in dry toluene.
B. Hydrogel characterization
For the characterization of the hybrid hydrogels by Fourier transformed infrared ͑FTIR͒ spectroscopy, films were prepared by spinning at 2000 rpm onto flat, double side polished Si ͑100͒ substrates. The FTIR characterization was performed in transmission mode under vacuum conditions by using a Bruker Vector 22 ͑resolution 8 cm −1 , 4000-400 cm −1 , and 32 scans at 10 KHz͒. XPS measurements were performed at a base pressure of 2 ϫ 10 −9 torr by using a PhiEsca/Sam 5600 Multy technique spectrometer, with a standard Al K␣ radiation source. The operating conditions were kept constant at 14 keV and 300 W, with an emission current of 30 mA. Spectra were recorded with an instrumental resolution Ͻ0.4 eV. The XPS binding energy ͑BE͒ scale was calibrated by centering the C 1s peak of the adventitious carbon at 285.0 eV. The XPS peak intensities were obtained after Shirley background removal.
Atomic force microscopy ͑AFM͒ ͑Multimode Nanoscope IIIA, Veeco͒ was operated in tapping mode in air with a standard phosphorus ͑n͒ doped silicon tip, having a nominal constant force of 20-80 N/m. Modification of the surface wettability was traced by measuring dynamic and static wCAs along periods of 5 min onto transferred films dried overnight. Drying and measurements were carried out in controlled atmosphere ͑25°C and 65% relative humidity͒ with an OCA30 instrument ͑Dataphysics͒. Probe liquid drops of 2 l of volume were applied on different zones of each sample surface and by digital image analysis the static contact angles were measured on both sides of the twodimensional projection of the droplet. At least five measurements were made for each sample and then averaged.
C. MSCs culture
Human MSCs ͑hMSCs͒ from bone marrow were used and their patterns followed onto the hybrid materials. The cells were isolated from bone marrow and the culture expansion was carried out as previously described. 30 The biocompatibility of the agarose-APTS supports was assayed by adhesion and proliferation studies. About 15 000 cells were seeded on each sample ͑1 cm 2 ͒ after rehydration with phosphate by buffer saline ͑PBS͒ and Dulbecco's modified Eagle's medium with low glucose ͑DMEM-LG͒. Cells were incubated on the materials with DMEM-LG including 10% fetal bovine serum ͑FBS͒ during 72 h at 37°C in 5% CO 2 . Then, the cells were washed with PBS and fixed in 3.7% formaldehyde in PBS for 15 min at RT. In order to analyze the cytoskeleton and nuclei, cells were permeated in 0.1% Triton X-100 in PBS to favor antibody and staining reactions. After washing, the surfaces were incubated in dark conditions for 1 h with fluorescent conjugates: DNA in nuclei was labeled with 4',6-diamidino-2-phenylindole ͑DAPI͒ ͑blue͒ and actin cytoskeleton with phalloidin ͑green͒. Monoclonal antirabbit Ki67 ͑red͒ was further used as immunocytochemical indicator of proliferation activity in the nucleus. After incubation, the cells were visualized in an Olympus fluorescence inverted microscope coupled to a charge coupled device color camera. For statistical analysis, cellular assays were performed with four different replicas and images were obtained from four different areas of each surface. Quantitative analysis was performed using OLYMPUS software.
III. RESULTS
A. FTIR characterization
The modifications induced by the integration of APTS in the agarose hydrogels were initially analyzed by FTIR spectroscopy. Figure 1 depicts the spectra corresponding to different molecular ratios between the polysaccharide and the aminosilane. All the spectra matched the pattern of bands corresponding to agarose 31 with main bands in the range of 3600-2900 cm −1 ͑assigned to OH and CH x ͒, characteristic water adsorption at 1650 cm −1 , vibrations at around 1100, 930, and 890 cm −1 , a sharp absorption at 1375 cm −1 ͑char-acteristic of C u O u C͒, and a very low intensity band at 1250 cm −1 indicating the presence of sulfate groups in the reference agarose. However, the incorporation of the silane in the hydrogel structure induces clear effects as complementary bands around 1100-1200 cm −1 . In particular, the new band at 1125 cm −1 , assigned to symmetric stretch of Siu O u C structures, is a trace mark for poorly condensed alkoxysilane structures. 32 In our case, this increasing band hides the originally well resolved two component band of the agarose spectrum. Other scaled modifications can be observed in the increasing background band at 790 cm −1 ͑as-signed to Siu C rocking͒. The presence of this band is of relevance since it proves that the nonhydrolysable Siaminopropyl bond is stable and remains active in the hybrid structures. 29 Furthermore, the emerging midintensity bands at 1320 and 1560 cm −1 ͑assigned to wagging NH 2 ͒ overcome the intensity of the agarose C u O u C mode at 1375 cm −1 , thus providing a direct label of amino functionalization in the combined hydrogels. Moreover, the modified ratio between the double band at 2875 and 2930 cm −1 ͑as-signed to stretching vibration modes of CH 3 and CH 2 , respectively͒, which appears reversed already at the lowest APTS concentrations added, is another indication of the gradual modification. The ratios between these bands ͓plot-ted in Fig. 1͑b͔͒ illustrate a tendency toward saturation. Finally, also the increased background around 3300 cm −1 due to NH 2 symmetric and asymmetric stretching reflects a gradually modified chemistry in the hybrid gels.
As an overview of FTIR results, the spectra show that incorporation in the agarose gel of the aminopropyl bond of APTS is possible due to the hydrolysis resistant Siu C bond in APTS. This fact is further illustrated by the direct detection of the primary amine bands. However, there is no evidence of the presence of new molecular structures formed upon reaction of agarose with APTS so that networks formed appear to be relatively independent.
B. XPS characterization
An initial study was devoted to the determination of elemental composition of hybrid hydrogel from the survey spectra analysis. Carbon and oxygen are the principal chemical constituents of all the hybrid hydrogel films, followed by silicon ͑except for 100% agarose where it was not observed͒. Finally, evidence of nitrogen, which can be taken as the XPS marker of the APTS presence, appeared notably in all the hybrid APTS-hydrogel samples, while small amounts of trace elements ͑F and S͒ were also detected in particular samples. A clear tendency toward higher N atomic content with respect to C and O was observed for increasing integration of APTS in the agarose network ͑histograms in Fig. 2͒ . Furthermore, the trend of the N/C ratio indicates that the N composition can be increased up to a saturation value ͑i.e., around 0.12͒, in coincidence with the experimental value obtained for the self-assembled APTS control ͑see 0/0.2 columns in Fig. 2͒ . This finding evidences the clear tendency of APTS to occupy preferentially surface positions with respect to the agarose network in the hybrid system. The increasing trend of the N/O ratio observed until values of 20% by weight of APTS reflects a clearly lower O content with respect to the control self-assembled sample. It should be underlined that for the control self-assembly ͓ideally only 1 ML ͑monolayer͔͒ there is also a contribution from the underlying hydroxylated silicon ͑SiO x ͒, which accounts for the increased O composition. In overall, by taking into account the theoretical stoichiometry of the APTS molecule ͑N / C = 0.11, N / O = 0.33, and C / O=3͒, our results indicate that the surface of hybrid hydrogels has reached an APTS composition close to saturation already at 10% APTS integration ͑N / C Next steps of the characterization were devoted to the analysis of the C 1s and N 1s core level spectra related to the amino functionalization group. Figure 3 presents a set of C 1s spectra corresponding to the reference sample of selfassembled APTS ͓spectrum ͑a͔͒, to hybrid APTS-agarose hydrogels containing decreasing APTS fractions ͓spectra ͑b͒-͑d͔͒, and to the reference sample of pure agarose hydrogel ͓spectrum ͑e͔͒. The spectra corresponding to the hybrid hydrogels have been deconvoluted with a model taking into account five contributions corresponding to ͑1͒ C u C from the propyl chain in APTS ͑BE= 284.5 eV͒, ͑2͒ C u N ͑BE = 285.4 eV͒ from amino groups specific to the APTS containing hydrogels, ͑3͒ O u C ͑BE= 286.4 eV͒ from the agarose backbone and poorly condensed alkoxy groups in APTS, ͑4͒ O u C u O ͑BE= 288.0 eV͒ in the agarose backbone, and ͑5͒ carboxyl O v C u O ͑BE= 288.9 eV͒ plausibly bound from CO 2 adsorption and degradation of amines through urea formation, respectively.
The comparison of the APTS containing hydrogels with the APTS reference sample ͓Fig. 3͑a͔͒ shows that the C u H component is the dominant surface structure, which is in agreement with a preferential exposure of APTS to the surface of the hybrid materials ͓Figs. 3͑b͒-3͑d͔͒. On the other hand, the reference agarose sample ͓Fig. 3͑e͔͒ presents a C u O principal component, which also appears as an intense shoulder in the hybrid sample with lowest APTS integration ͓5% APTS, Fig. 3͑d͔͒ . The peak deconvolution evidences that this C u O contribution decreases in intensity as the APTS load in the structure increases.
It is also worth noting the absence of the amino related C u N bond contribution in the pure agarose hydrogel ͓note outlined darker contribution in the ͑a͒-͑d͒ spectra in Fig. 3͒ . There is furthermore a surprising agreement between the relative intensity of the C u O and C u N contributions for the hybrid hydrogel sample with highest ͑20%͒ APTS integration and the APTS self-assembled monolayer. This result reinforces the idea of the possibility to saturate the agarose surface with APTS by loading this precursor at 20%.
The analysis of the N 1s core level spectra corresponding to hybrid samples ͑not shown͒ has been performed according to a model consisting in two contributions. These can be ascribed to neutral ͑BE= 400.0 eV͒ and positively charged ͑BE= 401.5 eV͒ amino groups, respectively, although it has been already reported that the lower BE peak may be also associated to a degradation of the amino group by C v O bonding, 33 which suggests that hybrid hydrogels may suffer from atmospheric degradation.
C. Surface morphology
The surfaces of the hybrid hydrogels were explored after drying at room temperature by using AFM in order to get an insight to the surface micronanostructure. Figure 4 includes the topography and phase images of the agarose reference and the APTS loaded agarose samples with increasing APTS ͑5%, 10%, and 20%͒. All the samples present irregular surfaces with several blind areas suggesting the presence of a nanoporous structure. A gradual change from an agglomerated nanosphere environment as observed for non-APTS containing hydrogels ͓see Fig. 4͑a͔͒ toward a dendritic filament mesh, observed for APTS rich hydrogels is visible ͓see specially Fig. 4͑d͔͒ . This tendency toward a filamentary morphology is also clearly visible in the corresponding phase FIG. 3 . ͑Color online͒ C 1s high resolution spectra for an APTS selfassembled layer ͑a͒ and for the APTS containing agarose hydrogels: 20% ͑b͒, 10% ͑c͒, 5% ͑d͒, and 0% ͑e͒ APTS contents.
FIG. 4. ͑Color online͒ AFM images
2 ͒ from the surfaces of desiccated hydrogels agarose 100% ͑a͒, ag+ APTS 5% ͑b͒, ag+ APTS 10% ͑c͒, and ag+ APTS 20% ͑d͒. x = y =1 m and z = 20 nm. Schematic representation of hydrogel structure after dehydration for pure agarose ͑e͒ and hybrid agarose-APTS ͑f͒.
images ͓see insets in Figs. 4͑a͒-4͑d͔͒ . Furthermore, the width of the filament structures formed reduces for increasing APTS content. It is worth to note that the modification of the surface decoration was accompanied by an alteration of characteristic values of surface roughness. In fact, the tendency of these values from 6.3Ϯ 0.3 nm for the pure agarose hydrogel to 5.3Ϯ 0.5 nm for the 20% APTS containing hydrogel reflects a certain capacity of APTS to compress the hydrogel upon drying. At this point, it is worth mentioning that APTS presents a tendency toward formation of nanocolloids in water solutions and subsequent agglomeration upon drying. 26, 34 The driving force for the filament microstructure observed in hybrid hydrogels would mostly arise from the formation and aggregation of APTS nanocolloids. Furthermore, the morphology is also influenced by final content of adsorbed water and the kinetics of drying. A final factor influencing the morphology is the preferential surface presence of the APTS ͑as suggested by XPS characterization͒ suggesting that it could act as a confining network during drying condensation. Figures 4͑e͒ and 4͑f͒ illustrate schematically the processes leading to the final microstructures observed for pure agarose and hybrid agarose-APTS hydrogels, respectively.
D. wCA onto desiccated hydrogels
The hydrophobic-hydrophilic character of the formed hydrogels was determined by measuring wCAs and following the interaction kinetics between the water microdrops and the samples during 5 min. Results of measurements on the hybrid materials and two reference controls, i.e., the 100% agarose film and the APTS self-assembled monolayer on silicon, are presented in Fig. 5 . It is evident that agarose is the most hydrophilic substrate compared to the surface immobilized APTS hydrogels. Surprisingly, the hybrid materials showed a more hydrophobic behavior than the reference APTS surface. Within the molecular ranges studied, the increase in APTS increases the wCA but a saturation value is reached at approximately 10% APTS in view of the similar trend, as compared with 20% APTS hybrid hydrogels.
With respect to the wetting kinetics, it can be observed that during the 50 first seconds, the agarose containing surfaces suffer a faster decrease in wCA as if a surface swelling process was taking place. This initial swelling process is even faster for APTS rich hybrid hydrogels. For the rest of the time studied, the wCA receding velocity is similar among the hybrid samples and among the control samples, respectively. The comparison of these results with topographic AFM images supports the idea that there may be strong morphological aspects influencing the wettability behavior of the surfaces. In particular, the filament structures in APTS containing hydrogels may act as a pit structure introducing bubbles and inducing a more hydrophobic behavior. For instance, in terms of previous models for hydrophobic behavior of hydrogels, 35 the filament structures could introduce a considerable increase in surface area with respect to the agarose surface and lead, in cooperation with chemical changes, to the formation of a more hydrophobic surface.
E. Cell adhesion and proliferation
The culture of hMSCs on the surfaces of agarose and hybrid agarose hydrogels was analyzed after double staining by fluorescence microscopy. The results regarding surface morphology and adhesion after 72 h of culture are presented in Fig. 6 . The control agarose surfaces induced an intense adhesion of hMSCs that extended occupying larger surface areas ͓Fig. 6͑a͒, 1800Ϯ 400 m 2 ͔ than cells cultured onto the hybrid hydrogel surfaces ͑1200Ϯ 300, 650Ϯ 100, and 360Ϯ 70 m 2 for increasing APTS content, respectively͒. It is thus of note that by increasing the APTS content in the hybrid materials, the surface area occupied by the cells diminished notably but the capacity to form philopodia increased dramatically ͓Figs. 6͑b͒ and 6͑c͔͒. In fact, at the highest APTS concentrations used, the hMSCs showed characteristic striated forms with formation of dendritic actin structures as eccentric focal adhesions.
In order to define the best surfaces for proliferative purposes, a quantitative analysis was performed in order to establish the number of cells per unit area for each type of support as well as the fraction of cells with proliferative activity, as revealed by Ki67. The results of this additional study are presented in the histogram in Fig. 7͑a͒ and relate to areas of 0.056 mm 2 . The first set of columns of the figure indicates clearly that the reference supports of pure agarose behave as ideal substrates for fast cell adhesion, while the hybrid hydrogels exhibit a diminution of adhesion for increasing APTS load. The second set of columns, reporting the number of Ki67 positive cells for each kind of surface, evidences a very similar behavior for all surfaces. However, taking into account the fraction of cells with respect to adhered population, the cells on the APTS rich surfaces present higher proliferative rates, as denoted in the third set of columns in Fig. 7͑a͒ .
IV. DISCUSSION
The analysis of the formation of hybrid agarose-APTS hydrogels has shown that the hybrids are constituted by two relatively independent networks as confirmed by FTIR results and as previously described by magic angle spinning nuclear magnetic resonance. 26 The use of these surfaces as tissue engineering scaffolds requires a deep analysis of the surface properties. Composition analysis shows that introduction of APTS in the agarose network changes dramatically the surface composition. The XPS analysis evidenced the increase of C and N elemental composition, which is correlated with the increase in C u C and C u N bonding in C 1s core level spectra. Such a finding suggests the preferential orientation of aminopropyl groups toward the surface, which in turn induces collateral morphologic and surface tension modifications. AFM measurements evidenced that the surfaces of APTS enriched hydrogels exhibit upon drying a filament distribution in contrast with the agarose initial spherical mesh morphology. Increasing APTS induces narrower filament structures. These morphological changes are considered to be responsible for the increased hydrophobic character of the hydrogels at increasing APTS content, as measured by wCA measurements. In fact, the formation of thinner filamentary structures for increasing APTS composition may be responsible for a drastic increase in specific surface area conducting to an increasing hydrophobic character, the measured wCA being even higher than that for the reference surfaces of pure APTS These above described physic-chemical properties of the hybrid APTS-agarose hydrogel films are in turn responsible of a graded behavior of hMSCs toward both adhesion and proliferation. In fact, the total number of adhered cells decreases and the rate of proliferating cells increases as the APTS content in the hybrids increases. Therefore the density of proliferative cells is estimated significantly comparable for all supports. These phenomenological features ͑cell areas, adhesion, and population of proliferative cells͒ are illustrated in the schematic of Fig. 7͑b͒ . These results may be interpreted in terms of the presence of two surface barrier potentials, one toward adhesion and another toward proliferation. These are inherently linked since adhesion is a sine qua non condition for proliferation. The first of these barriers would be higher for increasing APTS containing supports but the second barrier would behave on the opposite way giving higher rates of proliferating hMSCs for increasing APTS. The increasing hydrophobic character may orientate adhesion receptors and membrane protein molecules and be responsible for proliferation enhancement. However, a surface charge positive potential induced by amine groups in APTS may play an important role in these aspects. In fact, the morphological stage of proliferating hMSCs in previously studied positively charged APTS rich supports consisted in a tendency to philopodia extension. 32 However, no direct evidence, such as chemical signaling pathways, has been established between the capacity of hMSCs to form strong eccentric focal adhesions and their proliferation stage.
V. CONCLUSIONS
Hybrid agarose-APTS hydrogels can be prepared by a conventional agarose melting in water and final mixing with different APTS aliquots. The hybrid hydrogels are composed of two independent networks in which APTS tends to occupy the surface. These macromolecular organization gives rise to APTS controlled properties and determines surface composition, morphology, and wettability of the surfaces. The behavior of hMSCs on these surfaces toward adhesion and proliferation can be understood in terms of a double surface barrier potential related to APTS content on the hybrid materials. The higher the APTS concentration, the lower the rate of adhered cells but the higher the rate of proliferating cells and vice versa. Although direct evidence is not yet available, the increasing hydrophobic properties or surface positive charge at increasing APTS composition are pointed out as possible mechanisms responsible for the presence of surface barrier potentials for cell adhesion and proliferation. Comparison of these results in similar systems as well as biochemical analysis of signaling pathways potentially expressed upon adsorption on APTS doped materials is required in order to establish a behavioral pattern for hMSCs. FIG. 7 . ͑Color online͒ Statistics of surface adhesion, proliferation ͑mean values per area of 0.056 mm 2 ͒, and relative proliferation histograms after culture of hMSCs on the hybrid scaffolds ͑a͒. Schematic representation of paths followed by hMSCs upon adhesion on agarose and hybrid agarose-APTS hydrogels ͑b͒.
